cDNA clones have long been valuable reagents for studying the structure and function of proteins. With recent access to the entire human genome sequence, it has become possible and highly productive to compare the sequences of mRNAs to their genes, in order to validate the sequences and protein-coding annotations of each (1,2). Thus, well-characterized collections of human cDNAs are now playing an essential role in defining the structure and function of human genes and proteins. In this review, we will summarize the major collections of human cDNA clones, discuss some limitations common to most of these collections and describe several noteworthy proteomics applications, focusing on the detection and analysis of protein -protein interactions (PPI). These human cDNA collections contain principally two types of cDNA clones. The largest collections comprise cDNAs with full-length protein coding sequences (FL-CDS). Some but not all of these cDNA clones may represent the entire mRNA sequence, but many are missing considerable non-coding UTR sequence, usually at the 5 0 end. A second type of cDNA clone, a 'full-ORF' (F-ORF) expression clone, is one where the annotated protein-coding sequence, excised of 5 0 UTR and 3 0 UTR sequence, has been transferred to a vector designed to facilitate transfer to other vectors for protein expression.
(KDRI) (http://www.nedo.go.jp/bio-e/) (10 -12) . The NEDO (FLJ) collection (http://fldb.hri.co.jp/cgi-bin/cDNA3/public/ publication/index.cgi) contains 30 000 human FL-CDS clones representing 18 500 loci obtained from 130 libraries (10) (S. Sugano, personal communication). Most of the clones in this collection were obtained using the 'oligo-capping' method that enriches for cDNAs extending to the 5 0 end of the mRNA (13 -15) . Recently, the 18 500 non-redundant FL-CDS clones have been configured as F-ORF Gateway expression clones (N. Goshima, manuscript in preparation; N. Nomura, personal communication). Clones may be requested from NITE-BRC (see Table 1 for URL) and require a signed material transfer agreement (MTA).
The KDRI HUGE collection of long FL-CDS clones
This collection contains FL-CDS cDNAs ranging in size from 3.3 to over 10 kb, representing more than 2000 novel, non-redundant genes (11, 12) . A major focus of the HUGE project (http:// www.kazusa.or.jp/huge/index.html) is to characterize the function of proteins .50 kD. A significant part of the collection has been manually curated with additional information on possible protein function (11) . Nearly, 1000 of these clones are available also as F-ORF Gateway TM expression clones; and the same set of F-ORF clones is being constructed in the Flexi w Vector system (O. Ohara, personal communication). This collection has recently been expanded to include an additional 3000 large cDNA clones, giving a total of 5500 clones. All clones are fully sequenced, and are available from the KDRI through a signed MTA.
Mammalian gene collection (MGC)
The MGC (16, 17) is an FL-CDS cDNA cloning and sequencing program sponsored and managed by the US National Institutes of Health (NIH) (http://mgc.nci.nih.gov/). Its goal Most of these collections also include mRNA isoforms for a small percentage of these genes.
b
The pME18S-FL vector is a mammalian expression vector, containing modified SV40 promoter, SV40 small t splice donor and acceptor 5 0 to the cDNA insert; proteins expressed from this vector contain short N-terminal fusion peptide from SV40 (13) .
for human clones is to achieve, by 2007, at least one FL-CDS cDNA clone for each of the well-defined 18 368 human RefSeq loci, discussed subsequently (18) (L. Wagner, personal communication) (Note: See Supplementary Material for a list of these genes.) The first 12 000 non-redundant human clones were obtained by MGC from .180 cDNA libraries prepared from a wide variety of tissues. Most new human clones deposited over the past 2 years have been obtained by a directed RT-PCR cloning strategy. MGC full-length cDNAs are sequenced to a high standard of quality, and all sequences are compared with the reference genome to identify mismatches, with differences annotated in the GenBank entries (1, 16) . Clones are distributed, without restriction, through the IMAGE Consortium.
The German human genome project
Begun in 1997, a consortium of German Scientific Institutes has cloned and characterized cDNAs for transcripts then missing from other collections, and provided functional information on these transcripts (19, 20) . Descriptions of more than 10 000 cDNA clones obtained from this program (19, 21, 22) are provided at http://mips.gsf.de/proj/cdna/Sites/HU_cDNA_ Database.htm. The cDNAs are fully sequenced to a high quality (less than one error per 10 000 nt), and many contain the full protein coding sequence. A set of 1200 F-ORF Gateway TM expression clones recently has been constructed that will be released in the near future (S. Wiemann, personal communication). Clones are available, without restriction, through the consortium's commercial distributor, RZPD.
Dana-Farber Cancer Institute Center for Cancer Systems Biology (CCSB)
This program (23,57b) is building a steadily expanding collection of human F-ORF expression clones (http://horfdb.dfci. harvard.edu/). Their goal is to generate a complete set of F-ORF ORFeome clones representing all protein-coding sequences in the human genome. The full coding sequence is PCR-amplified from MGC human FL-CDS clones and transferred into Gateway TM Entry vectors (23) . The absence of a stop codon in these clones allows users to create both C-and N-terminal fusion proteins in appropriate expression vectors. This collection presently comprises non-redundant F-ORF expression clones for 10 000 human genes. Clones are all end-sequenced and distributed without restriction through Open Biosystems.
Harvard Institute of Proteomics (HIP)
HIP offers an ever-growing collection of human F-ORF expression clones in two different expression vector formats (5,6): Gateway TM (4000 F-ORFs, most with and without stop codons) and Creator (5500 F-ORFs, representing 3000 genes, most with and without stop codons). All are fully sequenced. These clones are distributed without restriction though HIP: http://www.hip.harvard.edu/.
HIP also provides a distribution service to research laboratories, called the Shared Plasmid Resource, whereby HIP distributes clones donated to HIP by any outside research laboratory. Shared Plasmid Resource clones are available without restriction to non-commercial requestors, and to commercial investigators with the permission of the donating laboratory.
Commercial sources of cDNA clones. Sizeable collections of human FL-CDS and F-ORF expression clones are also available from commercial vendors, the largest of which are listed in Table 2 , together with some properties of their human clone collections. 
LIMITATIONS TO CURRENT cDNA COLLECTIONS
Errors in mRNA sequence and annotation
Reliable gene counting, discussed below, relies primarily on mapping cDNA sequences to the human genome, which in turn often reveals variations between the cDNA and genome sequence (1, 2) . Variation in cDNA sequences can arise either from experimental artifacts introduced into the cDNA sequence or by naturally occurring sequence variation. Experimental artifacts arise during cDNA synthesis, by reverse transcriptase, during the ligation of the cDNA to the vector, and during subsequent cloning steps, as well as from errors in the DNA sequence analysis of the cDNA insert. When RT-PCR is used to clone cDNAs, errors can arise during the DNA amplification process, as well as from the synthetic DNA primers used for PCR. An accepted standard for mRNA sequences for human, mouse, and more than 2400 other species is the RefSeq program at NCBI (24) . RefSeq provides a carefully curated, non-redundant set of full-length mRNA sequences (including 5 0 and 3 0 UTR), based on genomic, mRNA and protein sequence evidence. A second set of high-quality, full-length human, mouse and rat mRNA sequences is available through the MGC program at the NIH. Launched in early 2000, the MGC exploited recent advances in gene sequencing technology to set high cDNA sequencing standards (,1 error per 50 000 nt). The MGC sequences also are thoroughly curated to identify and eliminate clones with frameshifts or chimeras, and to annotate non-synonymous variation in the cDNA sequences that could be due to experimental artifact (1, 16) .
Taken together, the RefSeq and MGC sequences provide the most thoroughly curated collection of human cDNAs. Nevertheless, some errors undoubtedly remain in a fraction of these sequences. Furey et al. (1) recently aligned the combined mRNA sequences of MGC and RefSeq to the reference human genome sequence (July 2003 release); they found that EST and other mRNA sequences support natural variation in the genome sequence about four times more often than in the mRNA sequence, implying that the genome sequence is considerably more accurate than the mRNA sequences in these collections (1) . After excluding known and probable polymorphisms the authors estimated about one difference per 2500 nt, representing sequencing errors or other experimental artifacts. A second study of MGC sequences (16) estimated that non-synonymous sequence changes (resulting in altered amino acids) because of experimental artifacts may populate about 10% of non-redundant human MGC clones.
Another kind of error can arise in the sequence record from an incorrect annotation of the protein-coding sequence (ORF) within an mRNA. Identifying whether a start codon in a particular transcript is or is not the initiating codon of a protein-coding transcript is difficult when transcripts lack an upstream stop codon within the 5 0 UTR in frame with the initiating ATG, coupled with an absence of definitive protein support for the N-terminal portion of the predicted protein.
This is a common circumstance, as 39% of human RefSeqs mRNAs (24) have no in-frame upstream stop codon (L. Wagner, personal communication). Choosing the starting ATG in these situations often must rely on gene prediction programs, such as GenScan and NSCAN (2, 25) , and on algorithms that look for evidence of a transition from noncoding to coding sequences around the ATG (17) .
Likewise when several ATG codons are in phase with a predicted ORF, the identification of the predominant initiating ATG may be ambiguous. The ribosome scanning model (26, 27) predicts that the ATG furthest 5 0 on the mRNA is preferred by ribosomes as the initiating ATG, unless it is hidden by RNA secondary structure or is competing with a nearby ATG surrounded by a more favorable Kozak consensus sequence (26, 27) . In some eukaryotic mRNAs, however, protein synthesis appears to initiate at different levels at two or more ATG codons and, rarely, at non-ATG codons (28 -30) . Unconventional start codons such as these are likely to be missed during the annotation process.
The gold standard for annotated human protein-coding sequences is the Consensus CDS (CCDS) set of 13 142 genes (31) agreed to at every coding nucleotide by the CCDS group, comprising the NIH, National Center for Biotechnology Information (NCBI), European Bioinformatics Institute (EBI), Wellcome Trust Sanger Institute (WTSI) and University of California, Santa Cruz (UCSC).
Incomplete sequence representation in cDNA libraries
An optimally useful cDNA collection should contain at least one representative transcript for each protein-coding Until recently, MGC and most other large cDNA collections have been built from clones isolated by random screening of multiple cDNA libraries. RNA from a wide variety of tissues is typically used to promote transcript diversity. Nevertheless, random screening approaches preferentially clone cDNAs for the RNAs in highest abundance, which generally derive from a relatively small number of genes. The vast majority of genes, however, is represented at low abundance, with about 1 -10 copies of mRNA per cell (37 -39) . These mRNA frequency distributions likely contribute to the commonly observed drop in yield as libraries are progressively screened for new clones representing unique genes. To improve the yield of clones for new genes, libraries can be treated to normalize or equalize the abundance classes, and libraries can be pre-subtracted of RNA sequences previously isolated (40 -42 ). An alternative approach that is less sensitive to mRNA abundance is to clone individual RT -PCR products, targeting specific mRNAs, using primers based on RefSeq mRNA sequences (43, 44) .
Other factors can also contribute to the under-representation of genes and their transcripts in cDNA collections, including the low abundance of certain mRNAs that are unique to one or a few tissues, and therefore difficult to obtain in substantial quantity; cDNAs that encode products toxic to the bacterial cells used for cloning; cDNAs that contain inverted or direct repeats that are unstable during the cloning and propagation steps; and cDNAs greater than 4-6 kb in size, which are less efficiently cloned.
Bioinformatic methods suggest that 35-74% of human genes may utilize alternative splicing (45) (46) (47) (48) , and additional isoforms can result from alternative transcript initiation sites (49) and alternative poly-A addition sites (50, 51) . The total number of physiologically relevant RNA isoforms is unknown, but specific isoforms are known to play important roles in cells, such as isoforms encoding proteins functioning in ion channels of nerve, muscle and cardiac cells (46, (52) (53) (54) . The variety of RNA isoforms in different human cells is almost certainly under-represented in most current cDNA clone and sequence collections. For example, less than 10% of the 22 400 FL-CDS clones present in MGC appear to represent splice variants (L. Wagner, personal communication). Whatever deficiency of isoforms exists in today's FL-CDS collections will need to be remedied for future proteomics studies that attempt to sample the entire ORFeome.
Finally, single-exon genes and multi-exon genes encoding small proteins also are generally under-represented in current collections, in part by design. Although physiologically relevant proteins are encoded by single-exon genes (55, 56) , to avoid artifactually short cDNAs MGC and other programs have purposely excluded transcripts encoding proteins of fewer than 100 amino acids, except where there is strong protein evidence for their natural occurrence (16) .
Practical limitations of FL-CDS clones
The FL-CDS clones available from some of the largest cDNA collections (Table 1) are generally unsuitable for immediate use in expression studies, often because they lack an appropriate promoter. Variable lengths of 5 0 UTR sequence also can potentially encode unwanted amino acids and complicate the design of N-terminal fusion constructs where it is important to maintain the proper reading frame into the CDS. To properly position the coding sequences next to a promoter of choice or next to sequences encoding N-terminal fusion proteins, such as reporter proteins or epitope tags, the 5 0 UTR sequences must be removed. Likewise, to prepare C-terminal fusion proteins, the natural stop codon must be removed and variable lengths of 3 0 UTR sequence preferably excised.
The protein-coding sequence, with or without its stop codon, can be excised from cDNAs by PCR or occasionally by restriction digestion, provided suitable restriction sites are available. Both methods are time-consuming and can introduce mutations into the subclone. To address this problem, several groups have transferred the protein-coding sequences from these FL-CDS clone collections into specialized expression vector systems.
To conform to popular convention, the full-length proteincoding region (+stop codon), excised of UTR sequence, will hereafter be referred to as an 'ORF'. [Note: mRNAs with multiple ATG codons near the 5 0 end and in different phases of reading frame can potentially encode more than one open reading frame (ORF) of significant length. The annotated CDS of an mRNA is the ORF that is judged to be the most likely protein coding sequence for that mRNA, based on the bioinformatic criteria discussed earlier.] Clones configured in this manner will be called 'ORF clones', and ORF clones in expression vectors will be called 'Expression ORFs'. The set of human ORF clones representing all protein-coding sequences is referred to as the 'human ORFeome'.
Some of the most commonly used systems for large-scale cloning and expression of F-ORF clones are listed in Table 2 . As shown in Figure 1 , these vector systems permit the transfer of one or more ORFs from a 'donor' vector to one or multiple different 'acceptor' vectors, potentially all in a single experiment (57a,b). (In most cases, acceptor vectors are expression vectors with sequences flanking the ORF that promote its transfer from the donor vector.) Moreover, these transfers are performed using a single protocol that positions each ORF into each new acceptor vector in a configuration suitable for native or fusion protein expression, using reactions that maintain the orientation and proper reading frame of the coding sequence and that rarely introduce mutations. To prepare C-terminal fusion proteins, a separate collection of F-ORF clones lacking a stop codon is generally prepared.
All of the systems listed in Table 3 , except for the Univector system, use sites flanking both ends of the ORF in a donor vector that are recognized by rare-cutting enzymes (restriction enzymes or recombinases), virtually eliminating inappropriate cleavage within the cDNA and vector backbone. These systems use positive (antibiotic) selection to obtain the desired product, together with counter-selection to reduce background colonies resulting from acceptor vector lacking an insert; together these constraints lead to extremely low backgrounds of unwanted constructs. Some of the features of these systems are listed in Table 3 . A large number of human cDNA clones are available from commercial sources, in some cases as ready-to-use F-ORF expression clones in a variety of expression vectors (Tables 2 and 3) .
Because these systems are suitable for the transfer of anywhere from a few ORFs to thousands of ORFs within a short period of time-enabling researchers to create rapidly large numbers of F-ORF expression clones-they are being used increasingly for large-scale proteomics studies, as discussed below.
ORFeome Collaboration. Though several collections of ORF expression clones are available (Tables 1 and 2 ), no single public collection contains ORFs representing all 18 000 well-defined RefSeq human genes, and clones for many of these genes are absent from all of the current collections. To address this need, in 2005, MGC, WTSI, CCSB, HIP, DKFZ and the RIKEN Yokohama Institute organized an effort, named the ORFeome Collaboration, to share resources and new human FL-CDS clones, with the aim of building a complete collection of F-ORF expression clones for all welldefined human genes, configured as Gateway Entry clones. These fully sequenced F-ORF clones will be distributed worldwide, without restriction, to academic, government and commercial researchers.
RECENT APPLICATIONS OF HUMAN ORFeome COLLECTIONS
ORFeome collections can be used at every scale of research from experiments on single ORFs to studies of entire ORFeomes. For example, ORFs can be used one at a time to study protein localization or for structural experiments. ORF collections also lend themselves to module-scale experiments, where a particular pathway or biological function can be examined in its entirety.
But the greatest value can be extracted from ORFeome collections when the entire resource is used to carry out large-scale experiments. Until recently, such studies would have been impossible to carry out because of low numbers of cloned ORFs, the lack of a central repository for those ORFs, and because the ORFs that were available were not in the same vector or were not expression ORFs, but rather cloned cDNAs containing 5 0 and/or 3 0 UTR. Three notable approaches that have begun to flourish with the availability of ORFeome collections are structural genomics (58), proteome-wide mapping of PPI primarily using the yeast 2-hybrid (Y2H) system (59a,b,60), and genome-scale cellbased assays including high-content screening using automated imaging analysis (61) .
Structural genomics
In the emerging field of structural genomics, the aim is to lower the cost and expand the coverage of identified protein folds (62) . To reach this goal, there have been several large-scale initiatives, such as the Protein Structure Initiative (http://www.structuralgenomics.org/), that aim to generate structures based on available protein-encoding ORFs. Although these centers have not yet taken full advantage of complete mammalian ORFeome collections, they have had some success with earlier ORFeome collections, such as that for Caenorhabditis elegans (58).
Protein interaction mapping
Two-hybrid (2-H ) and one-hybrid (1-H ) systems. Highthroughput Y2H approaches generally consist of testing all available combinations of proteins as DNA-binding domain (DB-X) and activation domain (AD-Y) fusion proteins (63) (Fig. 2) . Although early versions of this system were criticized for having a high false positive rate, the implementation of more stringent Y2H systems and the rigorous retesting of interactions have in large part eliminated this concern. In current versions of the Y2H system, low-copy centromeric vectors are used to reduce the expression level of the fusions to avoid spurious interactions. In many cases, autoactivating baits have an intrinsic trans-activating activity and can easily be eliminated, before starting the screen, by testing for reporter gene activity in yeast cells containing only the DB-X vector. Other DB-X auto-activators arise de novo during the screen and are eliminated using a plasmid shuffling counter-selection. In this method, a counter-selection relying on cycloheximide sensitivity is used to eliminate AD-Y from yeast cells to ensure that the Y2H reporter genes are activated only in the presence of both DB-X and AD-Y (64).
The Y2H system has been used for high-throughput PPI mapping for several model systems including yeast, Drosophila melanogaster and C. elegans. Owing to the availability of extensive ORF collections, similar module-scale and proteome-scale PPI maps have recently been generated for human. Maps have been generated for the Smad TGF-beta signaling pathway (65) , mRNA degradation factors (66) and proteins linked to Huntington's disease (67) .
Two large-scale human PPI maps have recently been published (59b,60) . Both groups screened a significant portion The MAPPIT assay takes place in the cytosolic sub-membrane space of mammalian cells (72) . (2) LUMIER is the only system with an extracellular interaction readout and can detect interactions taking place in any subcellular location (71) . (3) The Y1H system screens for protein-DNA interactions and relies on the recruitment of the AD-Y protein to the yeast nucleus (68) . (4) The Y2H system requires both fusion proteins to be located inside the yeast nucleus to detect PPIs (63) . (5) The split ubiquitin assay is designed to detect PPIs between integral membrane proteins that take place in the yeast membrane (70) . ( (Fig. 3) . Though Y2H has proven to be a powerful and scalable tool for PPI mapping, it results in a high level of false negatives. Therefore, complementary approaches are needed to generate a more complete map of the human interactome. In contrast to the Y2H, the Yeast 1-Hybrid (Y1H) is designed to detect protein -DNA interactions. Y1H protein -DNA interactions are defined using a single hybrid protein, AD-Y, where Y is a known or putative DNA binding protein (DB). Though the Y1H system has not yet been applied to a large collection of human ORFs, its use and scalability has recently been demonstrated in C. elegans (68) . As in the Y2H system, reporter gene expression is used as a readout when AD-Y can bind to a sequence of DNA that has been cloned upstream of a reporter gene.
Other techniques used to detect interactions. In contrast to the Y2H system, where interactions occur in the nucleus, the following other techniques have been developed to test interactions in other cells types and cellular compartments. Split ubiquitin. Recently, a two-hybrid system called 'split ubiquitin membrane Y2H' has been adapted for large-scale screening (69) . This variant of the 2-hybrid system is currently the only one that allows large-scale investigation of integral membrane proteins, a class that cannot be screened using the traditional Y2H system. A yeast interaction map of 2000 interactions among 500 membrane proteins has been built using this technique (70) .
LUMIER. A luminescence-based mammalian protein-protein interactome mapping system (LUMIER) has recently been described. This method was used in a high-throughput manner to study the transforming growth factor-beta (TGF-B) pathway (71) . In this mammalian cell-based assay, bait proteins are fused to Renilla luciferase (RL) and the prey proteins are tagged with the FLAG epitope. Interactions are determined by performing an RL enzymatic assay on immunoprecipitates using a Flag-antibody. Though this technology has not yet been applied on a high-throughput scale the system could easily be adapted for such studies.
MAPPIT. MAPPIT (mammalian protein-protein interaction trap) uses a cytokine-receptor-based interaction trap to detect protein-protein interactions (72) . The interaction between bait and prey reconstitutes the receptor by bringing the activated JAKs into proximity of functional STAT recruitment sites. This recruitment allows for the activation and dimerization of STATS, which then act as a transcription factor to drive a reporter gene. Because assayed interactions occur in the cytosolic sub-membrane space, MAPPIT does not rely on nuclear translocation of bait and prey proteins. Another advantage of this technique is that the readout is ligand-dependent, adding a unique level of control to monitor interactions. The usage of heterologous receptors fused to different bait proteins can also allow for detection of modification-dependent PPI such as phosphorylation-dependent interactions that might be too transient to be detected by the standard Y2H. Although MAPPIT can be used for module-scale screens, this procedure has not yet been adapted for proteome-scale screens.
Disrupting interactions. Disrupting PPI, with small biomolecules and chemical compounds, can reveal a great deal about the protein features that generate interactions. For example, interaction interfaces and interacting domains can be mapped using reverse-Y2H assays. Such systems can also be exploited for drug discovery, where small molecules are identified that can disrupt an interaction of medical relevance. Reverse-Y2H (73) and MAPPIT (72) systems have been developed successfully to screen for disruptions of PPI. These disruptions can be caused by mutations in cis, within the interacting protein molecules, or in trans, by compounds that prevent the interactions from taking place. In the reverse-Y2H system, the interaction between DB-X and AD-Y can be used to drive the expression of URA3. Expression of this reporter leads to the conversion of 5-FOA to 5-FU, a toxin. This counter-selection is used to identify DB-X and AD-Y pairs that can no longer interact, based on their survival on media containing 5-FOA. In the reverse MAPPIT system, a disrupted protein interaction is identified based on the loss of an interaction between a protein fused to an inhibitor of JAK/STAT signaling and a bait fused to a functional cytokine-receptor, thus allowing for a restoration of reporter gene activity.
Cell-based assays
ORFs can also be used to perform high-throughput cell-based assays. Typically, expression ORFs are transfected into mammalian cells using a high-throughput transfection technique. A wide variety of assays have been performed using such methods. Often these assays depend upon technology that allows for 'high-content screening' of cells, so that changes in cell-shape and/or protein localization can be detected and analyzed in an automated fashion. For example Harada et al.
(61) used high-content screening in a live cell assay to identify proteins which, when over-expressed, increase proliferation. In this study they identified more than 86 cDNAs that gave rise to increased proliferation in a cell line. Other studies have taken similar strategies to study localization of proteins in the cell (20, 74) .
Integration of Y2H data with other large-scale datasets
Interaction maps can be used as a scaffold to integrate different large-scale datasets. One example of this approach, done in yeast, combined PPI data and mRNA expression data to determine the biological role of topological 'hubs', defined as proteins with many interaction partners (75) . By coupling high-quality interaction data with expression data the authors were able to show that hubs can be split into two categories: 'date hubs' which have relatively low correlation over a large number of conditions as revealed by their expression profiles and therefore interact with their partners at different times or locations; and 'party hubs', which have a higher correlation and bind their partners simultaneously. These results support a model of organized modularity where date hubs represent 'higher level' connectors between modules, whereas party hubs function inside modules.
Another example of data integration was carried out for C. elegans by combining phenotypic profiling and expression profiling data with PPI data (76) . By deleting interactions with less than two types of functional evidence, a 'multiple support network' of more than 300 proteins and 1000 edges was built. This network was shown to harbor two types of models: protein complexes that constitute discrete molecular machines are represented by clusters of nodes whose edges were supported by both PPI and phenotypic correlation data; proteins involved in the same cellular processes without participating in the same biological pathways correspond to nodes whose edges are supported by phenotypic and expression correlation but lack support of Y2H data. Functions of previously unknown proteins were predicted using 'guilt by association' and were consistent with the localization patterns of GFP-tagged proteins.
The combination of PPI data with other large-scale datasets was also undertaken in both human proteome-wide Y2H studies, described earlier. To validate their interaction data, Rual et al. (60) correlated PPI data with expression studies in human and mouse tissues, conserved upstream motifs, GO term annotations and phenotype data of orthologous genes in the mouse (Fig. 3) . Furthermore, they functionally annotated uncharacterized proteins in the interaction map by integrating PPI data with data from the Online Mendelian Inheritance in Man (OMIM) database. This resulted in the identification of 424 interacting protein pairs for which at least one partner was associated with a disease.
In a similar fashion, Stelzl et al. (59b) evaluated their dataset by comparing it with GO annotation and interaction maps in other species. They also compared their PPIs to the Kyoto encyclopedia of genes and genomes (KEGG), which allowed them to identify proteins that link two or more proteins annotated to act in the same pathway.
FUTURE APPLICATIONS OF ORFeome CLONES
The integration of PPIs with other large-scale data has proven very useful to build better network models, evaluate Y2H interactions and infer function for previously uncharacterized genes. This integration process, however, is still far from reaching its full potential. In order to gain a more profound understanding of PPIs in cellular networks, the integration of more complete datasets is required. Although most current large-scale studies only use parts of the available proteome, improved large-scale approaches should take advantage of the ORFeome to generate truly proteome-wide datasets. Furthermore, most current studies do not take into consideration alternative splice forms, but rather collapse alternatively spliced transcripts of single genes into a single ORF. Because splice variants and other RNA isoforms commonly follow different expression patterns in time and space, often related to different biological functions (77) , their individual interactions should be treated as individual data points.
